Abstract: Cochlear implants allow individuals with severe to profound hearing loss access to sound and spoken language. The number of older adults in the United States who are potential candidates for cochlear implantation (CI) is approximately 150,000 and will continue to increase with the aging of the population. Should CI be routinely recommended for these older adults, and do these individuals benefit from CI? We reviewed our 12-year experience with CI in adults aged Q60 years (n = 445) at Johns Hopkins Medical Institutions to investigate the impact of CI on speech understanding and to identify factors associated with speech performance. Complete data on speech outcomes at baseline and 1 year post-CI were available for 83 individuals.
INTRODUCTION
H earing aids can improve the communicative abilities of most individuals with hearing loss, but amplification in individuals with more severe hearing loss may not sufficiently improve the individual's word discrimination and speech understanding abilities. When hearing deficits progress beyond the ability of hearing aids to produce meaningful benefit, cochlear implantation (CI) provides an alternative hearing rehabilitative modality by stimulating the auditory nerve and nervous system directly. CI typically entails a 2-hour outpatient surgery, and activation of the cochlear implant occurs 4 weeks after surgery. During surgery, the receiver-stimulator device and electrode array is inserted into the basal turn of the cochlea ( Figure 1 ). After implant activation, sound is detected by the external processor, transmitted wirelessly to the implanted receiver-stimulator device, and then converted to synchronized electrical impulses which are delivered through the electrode array to the spiral ganglion (hearing) nerve. Sound is therefore transmitted to the hearing nerve bypassing the impaired cochlea. Patients receiving cochlear implants typically require 6Y12 months of experience and practice with the cochlear implant before optimal hearing and speech understanding results are achieved.
Currently, over 16 million adults in the United States over 70 years of age have hearing loss, 79 and more than 150,000 of these adults likely have hearing loss of a severity that would meet CI candidacy criteria. 80 With the aging of the United States population, the number of individuals with hearing loss and meeting auditory criteria for CI will continue to increase. Should CI be routinely recommended for these individuals and will they benefit from the device? What impact does hearing rehabilitation with CI have on an older adult? These questions lie at the heart of understanding the role of CI in older adults and are of paramount importance given increasingly scarce health care resources. We review our experience with CI in older adults at Johns Hopkins Medical Institutions over the last 12 years, focusing on the impact of CI on speech understanding and identifying factors that are associated with speech outcomes. We conclude with an extended discussion of the potential impact of hearing loss and hearing loss treatment on the health and functioning of older adults.
METHODS

Study Cohort
Study participants are individuals aged Q60 years receiving a first CI at the Johns Hopkins Listening Center from 1999 to June 2011. The Johns Hopkins Listening Center maintains a clinical database of all CI recipients in which data on speech testing scores and clinical variables related to CI programming visits are stored. Data on hearing loss onset (age G18 yr vs. Q18 yr) were based on clinician interview and patient self-report. We queried this database to retrieve all patients aged Q60 years who received a first CI since 1999. This study was approved by the Johns Hopkins Institutional Review Board.
Speech Testing
Individuals undergoing CI routinely receive a battery of speech and audiometric tests both pre-and postoperatively. Preoperative speech testing is generally performed in the 6 months before surgery except in cases where surgery is scheduled more than 6 months after testing because of surgical scheduling issues. Various different speech tests are used depending on audiologist preference and patient ability, including HINT (Hearing in Noise Test) sentences, CNC (Consonant-Nucleus-Consonant Test) word lists, and AZBio sentences. Individuals undergoing CI may receive any 1 or a combination of these tests, and these tests can be performed under different conditions (eg, binaural aided conditions, monoaural aided conditions, different speech presentation levels). HINT sentence testing in soundfield was the most commonly administered speech test from 1999 to 2011; the test comprises a list of 20 recorded sentences that are presented to the patient in quiet in a sound booth. The patient's speech score is calculated as the percentage of words repeated back correctly. We analyzed a subset of patients who had HINT speech tests available both preoperatively and approximately 1 year post-CI activation (range, 9Y14 mo). One subject had post-CI speech data assessed at 21 months after CI activation because of a delay in CI programming related to vestibular schwannoma surgery 9 months after CI activation. Data were manually filtered to select patients in whom HINT testing scores were performed under as similar conditions as possible. In this analytic subset of 83 patients, HINT testing scores that were retained were always presented at identical presentation levels (eg, 60 db) both pre-and postoperatively. Patients were always tested under binaural best-aided conditions preoperatively, and post-CI HINT speech scores were generally done under CI-only conditions with the exception of 9 individuals who were tested at 1 year under binaural best-aided conditions.
Statistical Analysis
Data were queried from the Listening Center database and manually cleaned to ensure data integrity. Exploratory data analyses consisted of graphical displays and using nonparametric, lowess smoothers to model data and observe for data trends. Chi-square or Fisher exact tests (for categorical data) and paired or 2-sample t-tests (for continuous data) were used as appropriate to compare values between groups. Linear regression was used to model the association of independent variables (age, preoperative speech scores) with dependent variables (change in HINT speech score, Year 1 HINT score) after adjusting for potential confounders (that is, age at CI, age at hearing loss onset EG18 yr vs. Q18 yr^). All data analyses were performed in Stata 11.2 (Stata Corp., College Station, TX). A 2-sided > of 0.05 was considered to be statistically significant.
RESULTS
Over the past decade, the number of CIs performed in adults aged 60 years or older at Johns Hopkins has continued to increase ( Figure 2 ). From 1999 to 2011, a total of 445 older adults received a first CI at Johns Hopkins. Nearly 60% of these implantations were performed in adults aged over 70 years, with the oldest recipient being almost 95 years at implantation. Over three-quarters of these older adult CI recipients had hearing loss that developed in later life rather than being congenital or early onset (Table 1) .
We examined the impact of CI on the recipient's ability to understand speech by analyzing performance on HINT speech testing performed in quiet before and after CI. Of the 445 older adults who received CI over the last 12 years, 83 patients had speech assessments with HINT sentences performed both preoperatively and 1 year post-CI activation under similar conditions (see Table 1 ). The baseline characteristics of these 83 patients did not differ appreciably across baseline characteristics than the 362 patients with incomplete data. The 362 CI recipients with incomplete HINT speech scores had speech data that did not allow for pre-to post-CI analysis. These patients underwent speech testing in which different tests were used pre-and postoperatively and/or testing was performed under different testing conditions (eg, speech tests were performed at 70 db preoperatively but at 60 dB postoperatively). In Figure 3 , we examine HINT speech scores from pre-to 1-year post-CI in these 83 individuals. All patients had improved speech scores after CI with We further explored whether age at implantation was associated with the magnitude of the change in HINT speech scores. Figure 4 demonstrates a linear association of age at implantation with change in HINT speech scores using a nonparametric smoother. Linear regression was used to model this association and to adjust for age of hearing loss onset given the known association between duration of hearing loss and CI outcomes. In this model, 17% of the variance in the speech data could be explained by age at implantation. For every increasing year of age at time of CI, the magnitude of the change in HINT speech scores from pre-to post-CI declined by 1.3% (95% confidence interval E95% CI^, 0.6Y1.9). On average, a 60-year-old adult undergoing CI would expect a 75 percentage point improvement in HINT speech scores, whereas an 80-year-old adult would experience a 50 point improvement.
We also investigated the association of pre-CI speech scores with postoperative outcomes. In the United States, Food and Drug Administration (FDA) regulations permit CI in individuals with preoperative speech scores up to 60%. However, current stipulations of the Centers for Medicare & Medicaid Services (CMS) limit coverage for CI to individuals scoring less than 40% on preoperative testing due to possible concerns of whether patients with better baseline speech ability (that is, preoperative speech scores between 40% and 60%) benefit from CI. Figure 5 demonstrates the change in HINT speech scores from pre-to post-CI in individuals with pre-CI HINT speech scores of G40% (mean, 12.8; SD 12.9) vs. 40%Y60% (mean, 47.5; SD 6.5). While the magnitude of the change in HINT speech scores was greater in individuals with pre-CI scores of G40% owing to their lower pre-CI values (mean change, 64.6; SD 24.5 vs. 42.2; SD 10.6), speech scores at 1-year post-CI were on average higher in those The observation of pre-CI speech scores between 40% and 60% being associated with higher post-CI speech scores persisted after adjustment for age at CI and age of hearing loss onset in regression models. On average, individuals with pre-CI speech scores of 40%Y60% had post-CI HINT speech scores 10.0 percentage points (95% CI, 0.4Y19.6; p = 0.04) higher than individuals with pre-CI speech scores G40% after adjusting for age at implantation and age at hearing loss onset.
DISCUSSION I. Findings From the Current Report
In the current report of our 12-year experience with older adult CI at Johns Hopkins, CI in adults aged Q60 years consistently led to improved speech understanding among all adults, with a mean gain of 60 percentage points on HINT sentences in quiet. The magnitude of the gain in speech scores was negatively associated with age at implantation such that for every increasing year of age at CI, the magnitude of the expected gain in speech scores was 1.3 percentage points less. Conversely, individuals with higher pre-CI speech scores (HINT scores between 40% and 60%) had significantly greater speech scores 1 year after implantation than those with lower pre-CI speech scores (HINT G40%). Taken together these findings suggest that older adult CI candidates who are younger at implantation and with higher preoperative speech scores may derive the greatest benefit (that is, highest speech understanding scores) after CI.
Our results contribute to the literature examining the impact of CI on speech understanding in older adults. The effect of age at implantation versus duration of hearing loss on speech perception scores after CI has been the subject of much debate in the literature. 24, 26, 75, 84, 134 Distinguishing between the effects of these factors is difficult given that duration of hearing loss and age at CI are highly co-linear and the exact onset of hearing loss for most adults with age-related hearing loss is generally impossible to determine. From a more pragmatic standpoint, the association of these factors with speech outcomes are not mutually exclusive, and both are likely to exert an effect on speech perception outcomes. Our current results suggest that after accounting for hearing loss onset as a binary covariate (onset at age G18 yr vs. Q18 yr), age at implantation remained significantly associated with CI outcomes. A likely mechanistic explanation for this association is that top-down cognitive processing is required for auditory processing and decoding of the input provided by the CI, 127 and these cognitive resources are known to decline with age. 106, 107 Our results also demonstrate that preoperative sentence scores were significantly associated with speech perception gains after CI, and these findings are consistent with previous research. 44, 104 Conceptually, this association suggests that a greater foundation of peripheral auditory processing capacity as indicated by preoperative speech scores may be critical to speech recognition after CI. When considered in combination with a strong association between speech perception gains and healthrelated quality of life outcome, 41 the importance of early intervention comes into sharper focus. The delay of CI candidacy in older adults under current CMS criteria (restricting CI to only individuals with preoperative speech scores G40%) may prevent some patients from using CI to its fullest potential. Expanding current CMS criteria to mirror current FDA guidelines allowing for CI in adults with preoperative speech scores G60% would allow for CI candidates who are younger at implantation and with better preoperative speech scores. These factors may allow patients to derive the greatest benefit from CI, thereby leading to greater quality of life gains and cost-effectiveness when considered over the patient's lifetime.
The current study has limitations. Data were queried from a clinical database rather than a database designed specifically for prospective research. As such, the availability of speech testing data was dependent on clinical variables such as patient availability and audiologist preference regarding test choice and administration. In analyzing only the subset of patients in our database with speech tests consistent in pre-and post-CI administration, there is the possibility of selection bias in the studied subset. In particular, there is the concern that our dataset includes only those patients who are higher functioning and with better outcomes, leading to bias in our reported results. While we acknowledge this possibility and note that this limitation is common to analyses based on clinical databases, we believe that our results in fact may be overly conservative. Testing is often inconsistent from pre-to post-CI for many subjects because HINT testing in quiet often reaches ceiling effects for CI patients at 1 year. 48 As such, more difficult tests such as CNC single word lists that eliminate contextual clues or AZBio sentences are often used instead. These higher-functioning patients may not have had HINT testing completed at 1 year and are therefore not included in our analyses. Efforts to standardize speech testing within and across CI centers have resulted in the recent industry adoption of a revised Minimum Speech Test Battery that will likely improve analyses of CI speech results going forward.
Caution must also be applied when interpreting our findings in clinical situations. For example, the association of HINT scores with age at implantation demonstrated substantial variance. Thus, while a 1.3% decline in HINT score change was observed for every increasing year of age at implantation, this value represents a mean estimate important from a policy perspective but perhaps less so for individual patient counseling. Our results are also limited by providing insight into the impact of CI only in the 1-year period after CI. There is currently little published literature on the long-term outcomes of CI in older adults, and further studies will be needed to understand the longterm (91 yr) effects of CI on speech understanding and other functional domains.
II. Epidemiology and Impact of Hearing Loss in Older Adults
To understand the role of CI in older adults, it is important to examine the broader context of how hearing loss impacts older adults. However, nearly all current literature on CI in older adults focuses only on studying the effects of CI on speech understanding, rather than investigating the effects of CI on broader, more important downstream health and functional outcomes. Herein, we review the pathophysiology and epidemiology of age-related hearing loss and propose a conceptual model for better understanding the impact of hearing loss on older adults and the effects of rehabilitative therapies such as CI.
A. Overview of Presbycusis Pathophysiology
A.1. Introduction
Hearing depends on a series of physiologic events that occur in a pathway from the external ear canal to the temporal lobe. The pinna, ear canal, and tympanic membrane passively gather acoustic vibrations that are transmitted to the ossicular chain. Mechanical energy is then transmitted to the fluid-filled cochlea. Here, a complex of sensory epitheliumVthe hair cells of the organ of CortiVtransduce vibromechanical energy into a neural signal, which is transmitted by the auditory nerve fibers into the brain. Presbycusis reflects progressive injury and dysfunction of the hair cell/auditory nerve system that is responsible for auditory signal transduction within the cochlea.
95,113
A.2. Cochlear Structure and Function
Mechanisms of presbycusis reflect the sensitivity of cochlear mechanics. The cochlea is a snail-shaped organ comprised of 2 and a half turns. It measures approximately 1 inch in linear length and consists of 3 compartments: scala vestibuli, scala tympani, and scala media ( Figure 6 ). While the scala vestibuli and scala tympani contain perilymph with an ionic concentration similar to that of extracellular fluid (high in sodium and low in potassium), the scala media contains endolymph with an ionic concentration similar to intracellular fluid (high in potassium and low in sodium), resulting in an endolymphatic potential of approximately 80 mV. This resting potential is maintained through metabolically demanding Na+-K+ ATPase pumps concentrated in the stria vascularis along the lateral cochlear wall.
Vibromechanical energy transmitted by the ossicular chain enters the scala vestibuli through the oval window at the base of the cochlea. Vibratory energy progresses as a traveling wave within the cochlea. This traveling wave results in displacement of the basilar membrane and organ of Corti where neural transduction of the auditory signal occurs. Deflection of the inner hair cell stereocilia in the organ of Corti by the traveling wave opens mechanotransducer ion channels, leading to K+ influx and depolarization of the inner hair cell. Inner hair cell depolarization trans-synaptically generates compound action potentials within auditory nerve fibers, and neural traffic to the brain. The inner hair cells and the auditory nerve fibers are tonotopically organizedV that is, hair cells within each region of the cochlea, along with the auditory nerve fibers they innervate, are most sensitive to specific frequency ranges. The precise frequency selectivity and sensitivity of inner hair cells to specific sound frequencies are maintained by an active process termed the cochlear amplifier whereby the outer hair cells help to selectively sharpen the tuning of the inner hair cells, and this process is dependent on the endocochlear resting potential generated by the stria vascularis. [95] Consequently, complex sound signals comprised of multiple different frequencies, harmonics, and intensities can be faithfully transduced into neural signals (Figure 7) .
A.3. Mechanisms of Presbycusis
Presbycusis results from impairment of cochlear transduction. Potential sites of lesion include the inner and outer hair cells, the stria vascularis, and afferent neurons. Presbycusis reflects cochlear aging, environmental factors, and genetic predisposition, and is associated with other health comorbidities. 91, 113, 114, 131 The stria vascularis and hair cells are particularly susceptible to injury. The stria vascularis carries blood supply to the organ of Corti and is highly metabolically active. The stria depends on an elaborate cellular machinery to maintain the steady-state endocochlear resting potential. Consequently, injury from multiple different pathways (eg, age-related cell losses within the stria, oxidative stress from noise exposure, genetic polymorphisms leading to inefficient oxidative pathways or dysfunctional supporting cells, or hypertensive microvascular disease in the strial vessels) could all affect strial function. 90, 91 The resulting loss of the endocochlear potential would impair the function of the cochlear amplifier and lead to an increase in hearing thresholds. 109, 115 A similar multimodal pathway of injury and dysfunction can also be seen in the hair cells. These cells are postmitotic and cannot be replaced, and are therefore susceptible to accumulated injury over time from a combination of poor cellular repair mechanisms associated with aging, direct mechanical or mitochondrial oxidative injury from noise, and toxicity from aminoglycosides or other ototoxic medications. 81, 90, 95 The complexity and the interactions of the different mechanistic pathways and the number of factors (aging, genetic, environmental, health comorbidities) that can cause presbycusis have greatly complicated prior basic and clinical research into presbycusis 131 and have led to some latent cynicism about the value of precisely determining all the various causes and forms of presbycusis. 91 In particular, the same functional consequences of increased hearing thresholds and poor frequency resolution generally occur regardless of presbycusis etiology or the cochlear mechanistic pathway. 95 To illustrate, if the neural output produced by a normal cochlea can be imagined as the complex spectrogram in Figure 7 containing sharp peaks (good frequency resolution) for both low and high amplitude auditory signals (normal hearing thresholds), the neural output from a presbycusic cochlea would be represented by a spectrogram with dull, flat curves (poor frequency resolution) and many missing low intensity (amplitude) auditory signals. Even in individuals with early hearing loss, where auditory thresholds may not be substantially elevated, the poor frequency resolution is still noticeable. Consequently, adults with early presbycusis will report that they can hear but that they cannot understand, and they will confuse words such as shop/ shot/shock or fine/shine/sign in which the fine auditory cues encoding semantic meaning are not faithfully transduced by the impaired cochlea. 
B. Hearing Loss Epidemiology
B.1. Prevalence
Estimating hearing loss prevalence and identifying epidemiologic risk factors can be best ascertained from large cohorts where formal audiometric testing was performed. Such studies include Beaver Dam, 34, 35 Framingham, 46 Blue Mountains, 50 Baltimore Longitudinal Study of Aging, 15, 16 and National Health and Nutrition Examination Survey (NHANES). 1 Reports of hearing loss prevalence across these studies vary because of different tonal frequencies used to obtain a pure tone average (PTA), monaural or binaural definition of hearing loss, and audiometric cutoffs used to define hearing loss. Differences in cohort characteristics (volunteer cohort or recruitment of population sample) and the age of the cohort also limit comparisons across studies.
A useful audiometric definition of hearing loss has been adopted by the World Health Organization (WHO) as a PTA of 0.5Y4 kHz tone thresholds in the better-hearing ear 925 dB. 140 The selected tonal frequency range and the use of the betterhearing ear are useful from a pragmatic perspective that emphasizes communication since 0.5Y4 kHz represents the critical frequency range of speech and the better-hearing ear would be the principal determinant of a person's communicative abilities. Using this WHO-adjudicated definition of hearing loss and NHANES data (representing a cross-section of the noninstitutionalized United States population), hearing loss prevalence approximately doubles every decade of life from the second through seventh decades (Figure 8 ). 80 Other reports of hearing loss prevalence have generally focused on older adults using differing definitions of hearing loss. Prevalence rates have been 29% (926 dB in the standard PTA E0.5Y2 kHz^in the better ear, subjects aged 960 yr), 73% (925 dB in the speech frequency E0.5Y4 kHz^PTA in the worse ear, subjects aged 970 yr), and 60% (925 dB in the standard PTA in the worse ear, subjects aged 73Y84 yr) in the Framingham, 46 Beaver Dam, 35 and HealthABC 57 studies, respectively. Using identical definitions of hearing loss and age ranges from the latter 2 studies, prevalence figures calculated using the 2005Y2006 NHANES dataset would be 76% and 64%, respectively. 80 However, comparing results across different studies is difficult even when applying the same definition of hearing loss given the different demographic characteristics across cohorts, particularly with regard to age and race. For example, both the Framingham cohort and Beaver Dam cohorts included few black individuals, but the HealthABC cohort was 36.3% black. Age distributions and ranges also varied across these study cohorts. A strength of using NHANES estimates of hearing loss prevalence are that these results are generalizable to the entire civilian, noninstitutionalized United States population (see Figure 8) .
B.2. Risk Factors for Hearing Loss
Epidemiologic studies also provide insight into the modifiable and nonmodifiable risk factors associated with hearing loss and provide further insight into the mechanistic pathways underlying presbycusis. Studied risk factors 32Y34 can generally be divided into 4 categories as discussed previously: cochlear aging (individual age), environment (occupational and leisure noise exposure, ototoxic medications, socioeconomic status), genetic predisposition (sex, race, specific genetic loci/genes), and health co-morbidities (hypertension, diabetes, stroke, cigarette smoking). Strong and consistent associations of hearing loss have generally been found with the nonmodifiable risk factors of increasing age (increased risk), male sex (increased risk), and black race (decreased risk). 1, 15, 16, 46, 57, 63, 65 Genetic predisposition as shown by heritability studies among twins and longitudinal studies of family cohorts have also shown heritability indices of 0.35Y0. 55, 28, 47, 70 indicating that genetic phenotype accounts for a substantial portion of hearing loss risk. Other factors have shown slightly less consistent associations with hearing loss risk: hypertension and cardiovascular disease, cerebrovascular disease, smoking, diabetes, noise exposure, and alcohol consumption (all factors associated with increased risk of hearing loss except for alcohol consumption). 35, 37, 45, 57, 131 The inconsistent findings with the latter group of risk factors may be a consequence of how hearing loss was defined and the characteristics of the study cohort. For example, noise exposure may primarily lead to high-frequency hearing loss whereas cardiovascular risk factors affect both low and high frequencies. Averaging across frequencies when defining a PTA could, therefore, obscure certain associations depending on which tonal frequencies are selected for the PTA. Characteristics of the study cohort may also obscure potential associations depending on the risk factors present in the risk group. For example, in a study focused on only older adults, the factors associated with older age and cochlear aging may overshadow associations with these weaker risk factors. Genetic heterogeneity within cohorts with consequent variability in gene-risk factor interactions 81,131 would also likely bias any possible association toward the null hypothesis.
B.3. Further Research Into Hearing Loss Risk Factors and Prevention
Previous research into hearing loss epidemiology has emphasized the study of modifiable risk factors in order to form the basis for possible hearing loss prevention strategies. However, the contribution of these modifiable risk factors (eg, hypertension, smoking) is relatively weak compared to the nonmodifiable risk factors of genetic predisposition and race as demonstrated by the consistency and strength of associations seen in epidemiologic studies. Further study of these nonmodifiable risk factors, particularly the physiologic basis of black race being a protective factor for hearing loss and the identification of the genetic loci and genes contributing to presbycusis, could possibly offer the most substantial and profound insights into actual hearing loss prevention.
Previous observational studies investigating the role of race and hearing loss have consistently demonstrated that black race is associated with a 60%Y70% lower odds of noise-induced hearing loss and presbycusis compared to white race. 1, 32, 57 Other epidemiologic studies using a case-control approach recruiting individuals with similar occupational exposures have also demonstrated a reduced risk of hearing loss in black subjects. 63, 65 Current hypotheses focus on the possible protective role of melanocytes in the stria vascularis, 7 but experimental animal studies studying skin pigmentation and hearing loss have been inconclusive and have not resulted in further research. 8 To our knowledge there have been no further epidemiologic studies exploring the issue of race and hearing loss, basic science research into the development of other potential animal models, or genetic epidemiologic approaches toward investigating whether a genetic etiology could explain the protective association of black race with hearing loss. The lack of research exploring these topics is surprising given the strength of the epidemiologic association between race and hearing loss relative to other factors that have received more concerted attention.
Given the strong genetic basis underlying presbycusis, there has also been little research using powerful and state-of-the-art genome-wide association studies (GWAS) to understand the multigenic basis for presbycusis and gene-environment interactions. Genetic studies of hearing loss have focused almost exclusively on linkage analysis 131 to identify monogenic forms of deafness and hearing loss in which there is a strong genotypephenotype correlation. 38, 73, 81 Genetic polymorphisms associated with presbycusis, however, are likely susceptibility alleles with a weak genotype-phenotype correlation and are poorly suited to linkage analyses even when these analyses are nested within large families offering more statistical power. To date, only a few GWAS studies have been performed, 3,62,73,130Y133 and these studies have been limited in studying only a certain subset of potential genes or markers (that is, those associated with monogenic forms of deafness) rather than examining a broad array ( 910 6 ) of various polymorphisms. Ultimately, comprehensive GWAS studies of presbycusis offer the potential to identify those genetic loci and genes heretofore unknown with respect to hearing loss that may be associated with hearing loss and possibly other aspects of neuronal or cognitive aging (eg, candidate genes could be those that underlie mitochondrial function and survival).
C. Impact of Hearing Loss in Adults
C.1. Conceptual Model
A conceptual model of hypothesized and established associations between hearing loss and domains of health and functioning allows for an understanding of the potential impact of hearing loss in adults ( Figure 9 ). Prior research investigating the effects of hearing loss has focused on relatively more proximal outcomes such as communication impairments, health-related quality of life, and depression. These studies have demonstrated a consistently negative impact of hearing loss on communication 39, 52, 54, 61, 139 and health-related quality of life, 22, 27, 37, 86, 126 and mixed effects on depressive symptoms. 20, 50, 58, 67, 69, 124 Past research into hearing loss and more critical downstream domains have demonstrated possible associations with dementia, 64, 129 functional activities, 12, 20, 36, 122, 136 and mortality. 2, 6 These studies have been limited by cross-sectional or retrospective design, limited study cohorts, or the use of only subjective assessments of hearing loss status. Most recently, however, using the prospective cohort of the Baltimore Longitudinal Study of Aging, researchers have demonstrated that audiometric hearing loss is an independent risk factor for incident dementia, 78 and these results may serve as a much needed impetus for further highquality prospective research into the functional consequences of hearing loss hypothesized by this conceptual model.
C.2. Causal Pathway of Communication Impairments and Social Isolation
Verbal communication is particularly susceptible to the effects of hearing loss given the inherent properties of spoken language. The components of spoken language consisting of the linguistic subsystems of phonology, semantics, and syntax are often encoded subtly in the auditory stream (eg, ''Sunday'' and ''someday'' while phonetically similar have markedly different meanings in conversation). Presbycusis leads to decrements in auditory sensitivity and loss of frequency resolution that compromises an individual's access to these fine auditory cues. 95 These effects result in degraded verbal comprehension and impaired communication, particularly in situations with poor signal-to-noise ratio where effective communication is most critical (eg, conversing with friends or family at dinner, FIGURE 10 . Cognitive resource capacity is reduced by both auditory perceptual processing requirements and general age-related decline.
FIGURE 9. Conceptual model of how hearing loss affects domains of health and functioning. Unshaded boxes depict domains most commonly studied in hearing research, and shaded boxes correspond to those domains of health and functioning that are central to aging research and public health. HRQL = hearing-related quality of life.
participating in a meeting). 39, 52, 54, 61, 139 Degraded communication can subsequently lead to impaired social functioning as demonstrated in several studies of older adults. 17, 74, 99, 122, 125, 138 
C.3. Causal Pathway of Cognition and Cognitive Load
The operational definitions of cognition and cognitive load are as follows: Cognition can be understood to represent mental processes that allow for information processing, access, and storage and includes domains such as verbal and nonverbal memory, visuospatial ability, and executive function. While some domains (eg, executive function) are functionally and neuroanatomically well delineated, other cognitive domains such as working memory and processing speed are required for multiple cognitive abilities and subserved by a widely distributed neural network. 19, 106 Cognitive load refers to the cognitive effort required for a set of cognitive tasks. Using the model of resource capacity developed by Kahneman, 68 difficulty in doing multiple tasks is related to the limited pool of available cognitive resources, and simultaneous performance of tasks is feasible only when resource capacity limits are not exceeded.
Cognitive psychology studies over the past 40 years have consistently demonstrated that hearing loss is associated with poorer performance on auditory and nonauditory cognitive measures of working memory as first described by Rabbitt. 97 These studies have generally tested the working memory of adults under conditions of normal versus artificially degraded hearing or in matched pairs of adults with and without hearing loss. 25,51,55,82,83,87,88,94,96,97,110Y112,127 Under degraded auditory conditions and/or hearing loss, adults do poorer on tests of working memory where the confounding effect of the participants' inability to understand the verbally presented tasks is eliminated by ''shadowing'' (that is, participants are able to repeat back what is said to them indicating reception of the spoken message). These results suggest that hearing loss imposes top-down, auditory perceptual processing requirements that result in a smaller pool of resources being available for other cognitive tasks, as consistent with Kahneman's resource capacity model. 127 Based on this model, the load on cognitive resources induced by hearing loss would lead to decrements in overall resource capacity, and these effects would be most pronounced under cognitive loads that overwhelm available cognitive resources (Figure 10 ). Of note, the effects of hearing loss on resource capacity in this model are independent of the progressive decrements in processing resources associated with aging. 106, 107 Consistent with this hypothesis, recent population-based cross-sectional studies have demonstrated that hearing loss is independently associated with both verbal and nonverbal measures of cognitive ability. 76, 77 
C.4. Potential Effects Mediated Through Social Isolation
Social relationships have powerful effects on physical and mental health that have been recognized at least since Durkheim first described the relationship between social integration and suicide in 1897. 40 Subsequent prospective studies have consistently implicated a causal effect of poor social relationships on all-cause mortality, 18 29, 30 and depression. 49, 72, 92 A conceptual framework developed by Berkman and colleagues 11 to explain these effects hypothesizes that an individual's social network provides opportunities for social support, social influence, social engagement, person-to-person contact, and access to resources. These mechanisms in turn influence health though behavioral, psychologic, and physiologic (eg, immune, neuroendocrine, and cardiovascular function) 116, 118, 128 pathways. It is noteworthy that while the downstream effects of social isolation have been extensively studied, little research has been done on upstream factors that lead to social isolation, 60 with most of the current research in this field focused on macroscopic factors such as cultural and political forces that shape social networks. 11 Hearing loss has been shown to be associated with social functioning, 17, 74, 99, 122, 125, 138 but there has been little research investigating the mechanism through which this occurs. For example, perceived social isolation or ''loneliness'' 21 rather than objective network size (that is, quality over quantity) may be the critical determinant that characterizes social isolation in individuals with hearing loss, but this distinction has not been made in prior studies as far as we know.
C.5. Potential Effects Mediated Through Cognitive Load
The operational definition of cognitive reserve is as follows: Cognitive reserve reflects interindividual differences in task processing that allow some individuals to cope better with neuropathology than others 120 and has been used to account for the poor correlation observed between clinical symptoms of dementia and the degree of neuropathology seen on postmortem exam. 89 As a theoretical construct, cognitive reserve cannot be measured directly but is conceptualized as being related to lifetime experiences, and proxies for cognitive reserve are socioeconomic status, education, and occupational attainment. 31, 42 The downstream implications of reduced cognitive resources caused by hearing loss observed in clinical psychological studies remain unexplored. Two potential pathways are through effects on cognitive reserve and/or executive function. The role of cognitive reserve in buffering neuropathology could be impaired under conditions where processing resources such as working memory are limited.
14 In such a model, reduced cognitive resource capacity associated with hearing loss would impair cognitive reserve and lead to earlier expression of dementia pathology. Indeed, a recent prospective study 78 has demonstrated that hearing loss is an independent risk factor for incident dementia and that this association could be mediated through effects on cognitive reserve, social isolation, and/or, more speculatively, through a shared neuropathological or genetic etiology (eg, mitochondria dysfunction). Another pathway through which reduced cognitive resources could manifest is through impairment of executive function. Executive function encompasses processes that require the goal-oriented organization of information in working memory for the execution of complex tasks, 123 and measures of executive function have been found to be predictive of daily functioning. 23, 53, 66, 101, 102 III. Conclusion CI allows for access to spoken language and sound for those individuals with hearing loss of a severity that precludes effective amplification with hearing aids. Results from our 12-year experience with CI in older adults aged Q60 years demonstrate that CI in adults consistently resulted in improved speech understanding scores. Our findings suggest that older adults who are younger at implantation and with higher preoperative speech scores may derive the greatest benefit from CI. The expansion of current United States Medicare policy to allow for CI at preoperative speech scores between 40% and 60% should be considered to allow for CI in older adults at younger ages and at higher preoperative speech scores. Future research into
